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Brewster Angle MicroscopyTo properly design and investigate new antibacterial drugs a detailed description of the organization of bac-
terial membrane is highly important. Therefore in this work we performed a comprehensive characteristic of
the Langmuir monolayers composed of phosphatidylethanolamine (PE) and phosphatidylglycerol (PG)
mixed in a wide range of composition and treated as an artiﬁcial cytoplasmic layer of bacterial membrane.
To obtain detailed information on the properties of these ﬁlms we combined the analysis of the surface pres-
sure–area curves with the surface potential measurements, Brewster Angle Microscopy studies and Grazing
Incidence X-ray Diffraction experiments. It was found that the investigated phospholipids mix nonideally in
the monolayers and that the most favorable packing of molecules occurs at their equimolar proportion. This
is directly connected with the formation of hydrogen bonds between both types of molecules in the system.
All the collected experimental data evidenced that dipalmitoylphosphatidylethanolamine (DPPE) and dipal-
mitoylphosphatidylglycerol (DPPG) form highly ordered associates of ﬁxed (DPPE:DPPG 1:1) stoichiometry.
The obtained results allow one to conclude a nonuniform distribution of lipids in bacterial membranes and
the existence of domains composed of the investigated phospholipids. The latter seems to be of great impor-
tance in the perspective of further studies on the mechanism of action of antibacterial agents.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
The monolayers formed by amphiphilic molecules are used in a
broad spectrum of nanosciences to design new materials of techno-
logical applications as well as serve as a suitable model of biological
membranes. Considering the latter, monomolecular layers composed
of lipids and/or proteins are useful to describe the organization of
membranes and interactions between their components [1–5]. More-
over, membrane mimicking systems are widely applied as an excel-
lent matrix dedicated to investigate the mechanism of action of
various membrane active molecules and materials of biological appli-
cations [6–10]. Therefore, detailed description of the properties of ar-
tiﬁcial membranes is very important.
The aim of our studies was to perform a comprehensive character-
istic of the monolayers imitating natural bacterial membranes. Such
investigations are highly required because membranes are a primary
site of action for a number of antibacterial agents, which by various
mechanisms damage their structure [11,12]. Strong differences in
sensitivity of bacteria to antibiotics, their ability to induce a resistance
to available drugs and increasing number of new drug-resistant
strains of bacteria stimulate the search for new antibacterial agents+48 12 634 05 15.
.
rights reserved.[13–15]. Langmuir ﬁlms are frequently applied as a convenient plat-
form for studying the mechanism of toxicity of various antibacterial
agents to bacteria [16–19] and therefore their detailed characteriza-
tion is required.
The compounds chosen for the studies, namely dipalmitoylpho-
sphatidylethanolamine (DPPE) and dipalmitoylphosphatidylglycerol
(DPPG) represent major phospholipid classes of cytoplasmic (inner)
membrane of both Gram-negative and Gram-positive bacteria
[20,21]. The exact concentration of these lipids in the membrane var-
ies between the respective organisms. For example in Gram-negative
bacteria (e.g. Escherichia coli) PEs constitute 60–80% of total phospho-
lipids, while PGs—15–20%. In Gram-positive bacteria (e.g. Bacillus
megaterium) the concentration of PEs is lower than in Gram-
negative bacteria and comparable to the content of PGs. On the
other hand, in some bacteria (e.g. Streptococcus pneumonia) PEs are
completely absent [20,21]. It was also evidenced that the composition
and properties of bacterial membranes can easily change in response
to various environmental conditions [22]. Therefore, to at least par-
tially consider such a strong compositional diversity of bacterial
membranes, in our studies we focused our attention on mixtures of
various proportions of lipids. This is of great importance taking into
account the results suggesting that the composition of membrane, es-
pecially the concentration of phosphatidylethanolamines is crucial for
sensitivity of bacteria to drug [23].
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method together with Brewster Angle Microscopy as the techniques
complementary to the traditional surface pressure and surface poten-
tial measurements to investigate phosphatidylethanolamine (PE)/
phosphatidylglycerol (PG) mixed ﬁlms. The GIXD technique, which
is particularly sensitive for ordered (gel) monolayers, is a powerful
tool to verify the structure of thin ﬁlms and provides unique informa-
tion on their molecular structure and transformations induced by vari-
ous external factors, including membrane active molecules (e.g. drugs,
proteins, polymers) [23–33]. On the other hand, Brewster AngleMicros-
copy (BAM) is commonly used to observe themorphology of themono-
layer, domains formation or phase separation [34]. The application of a
traditional approach in the studies of these ﬁlms in combination with
modern experimental techniques allowedus to perform thorough char-
acterization of molecular organization, ordering, packing, electrical
properties and interactions in model bacterial membrane depending
on its composition. We believe that the results reported in this paper
will be useful for further researches aimed at explaining the inﬂuence
of antimicrobial agents on artiﬁcial bacterial systems and thus they
will contribute to development of new drugs against pathogenic bacte-
ria highly resistant to commercially available antibiotics.
2. Experimental
2.1. Materials
The investigated phospholipids: 1,2-dipalmitoyl-sn-glycero-3-
phosphoethanolamine (DPPE) and 1,2-dipalmitoyl-sn-glycero-3-
phospho-(1′-rac-glycerol) sodium salt. DPPG were synthetic products
of high purity (≥99%) purchased from Avanti Polar Lipids, Inc. (700
Industrial Park Drive Alabaster, Alabama 35007-9105, USA). To pre-
pare spreading solutions the lipids were dissolved in chloroform/
methanol (4:1 v/v) mixture (both chloroform and methanol were
purchased from Sigma-Aldrich, Poland, HPLC grade, ≥99.9%). From
the respective stock solutions the mixed solutions were prepared
and desirable volume of the latter was deposited onto the water sub-
phase with the Hamilton micro syringe, precise to 1.0 μL. The volume
of the spreading solutions was varied between 150 and 200 μL. Mea-
surements were performed at 20 °C±0.1 °C and the temperature was
controlled thermostatically by a circulating water system. Ultrapure
Milli-Q water used as the subphase in the monolayer experiments
at 20 °C±0.1 °C has surface tension of 72.6 mN/m and resistivity of
18 MΩ⋅cm.
2.2. Methods
Brewster Angle Microscopy experiments were performed with ultra-
BAM instrument (Accurion GmbH, Goettingen, Germany) equippedwith
a 50 mW laser emitting p-polarized light at a wavelength of 658 nm, a
10× magniﬁcation objective, polarizer, analyzer and a CCD camera. The
spatial resolution of the BAM was 2 μm. The experiments were carried
out with KSV 2000 Langmuir trough (KSV Instruments Ltd., Helsinki,
Finland) (total area=870 cm2) equipped with two movable barriers.
The microscope and the ﬁlm balance were placed on a table (Standa
Ltd, Vilnius, Lithuania) with active vibration isolation system (antivibra-
tion system VarioBasic_40, Halcyonics, Goettingen, Germany). The sur-
face pressure was measured with the accuracy of ±0.1 mN/m using a
Wilhelmy plate made of ﬁlter paper (ashless Whatman Chr1) connected
to an electrobalance.
After spreading, the monolayers were left for solvent evaporation
for 20 min and then the compression was initiated with the barrier
speed of 5 cm2/min (2.5 Å2 molecule−1 min−1).
Surface potential measurements were performed using the non-
destructive vibrating capacitor method (SPOT, KSV). The vibrating
electrode was placed at ca. 2 mm above the air/water interface anda stainless steel reference electrode was immersed in the subphase.
The reproducibility of the surface potential was within ±10 mV.
X-ray scattering experiments were performed at the BW1 (undu-
lator) beamline at the HASYLAB synchrotron source (Hamburg,
Germany) using a dedicated liquid surface diffractometer [35] with
an incident X-ray wavelength λ≈1.3 Å. A Teﬂon thermostated Lang-
muir trough (Riegler & Kirstein, Potsdam, Germany), equipped with a
movable barrier for monolayer compression, was placed in a gastight
container and mounted on the diffractometer. After spreading the so-
lution onto the subphase, at least 40 min were allowed for the trough
container to be ﬂushed with helium to reduce the scattering back-
ground and to minimize beam damage during X-ray scans. Then, the
monolayers were compressed to the surface pressure of 32.5 mN/m
(the surface pressure at which the properties of monolayer can be
compared with those of bilayers in the natural membrane [36]), at
which the X-ray experiments were performed. As far as the GIXD ex-
periments are concerned, the X-ray scattering theory and the liquid
diffractometer construction have been described previously [37–39].
GIXD experiments were carried out to obtain lateral ordering informa-
tion of the samples. The scattered intensity wasmeasured by scanning
over a range of horizontal scattering vectors Qxy; Qxy≈ 4πλ sin 2θxy=2
 
where 2θxy is the angle between the incident and diffracted beam
projected on the liquid surface. The GIXD intensity resulting from a
powder of 2D crystallites can be represented as Bragg peaks, resolved in
the Qxy direction, by integrating the scattered intensity over the Qz direc-
tion,which ismeasured by the position-sensitive detector placedperpen-
dicular to the air–water interface. Conversely, the Bragg rod proﬁleswere
resolved in the Qz direction (Qz ¼ 2πλ sinαf , where αf is the X-ray exit
angle) and obtained by integrating the scattered intensity over Qxy corre-
sponding to the Bragg peak. From the positions of the Bragg peaks the
d-spacing, d=2π/Qxy (where the Qxy is the position of the maximum of
the Bragg peak along Qxy) and the unit cell parameters for the 2D lattice
was obtained. From the FWHM (full width at half maximum) of the
peaks, using the Scherrer formula, it is possible to determine the 2D crys-
talline coherence length, Lxy, which indicates the average distance in the
direction of the reciprocal lattice vector Qxy, over which the ordering
extends. The analysis of the intensity distribution along Qz (Bragg rods)
provides the information about the magnitude and the direction of the
molecular tilt as well as the coherently scattering length of the molecule,
Lz. The analysis procedure has beendescribed indetails elsewhere [39,40].
2.3. Analysis of the isotherms
First insight into the properties of the investigated DPPE/DPPG
mixtures was gained based on the analysis of the parameters calculated
from the recorded π–A curves. To verify and compare the state of the in-
vestigatedﬁlms and to obtain information onmolecular ordering [41] in
themonolayer from the isotherm data points the compressionmodulus
values at a given monolayer composition were calculated according to
Eq. (1) [42].
C−1S ¼−A dπ=dAð Þ ð1Þ
(where A is area per molecule at a surface pressure π).
The miscibility and the interactions between molecules in the
mixed monolayers were qualitatively analyzed according to the addi-
tivity rule [43]. Therefore, the mean areas per lipid molecule in the
mixed ﬁlm (A12) determined directly from the isotherms, at the sur-
face pressure of 32.5 mN/m, were compared with those assuming
ideal miscibility of the molecules (calculated based on Eq. (2) [43])
Aid12 ¼ A1X1 þ A2X2 ð2Þ
wherein, A1, A2 are mean molecular areas of the respective compo-
nents in their pure ﬁlms at a given surface pressure and X1, X2 are
the mole fractions of components 1 and 2 in the mixed ﬁlm.
Fig. 2. The variation of the compression modulus values (Cs−1) with the composition of
monolayer at π=32.5 mN/m.
1747P. Wydro et al. / Biochimica et Biophysica Acta 1818 (2012) 1745–1754The analysis of the ﬁlms condensation was based on the excess
area per molecule values calculated as follows [43]:
AExc ¼ A12−Aid12: ð3Þ
To obtain quantitative information on intermolecular forces in the
mixed ﬁlms the excess Gibbs energy of mixing (ΔGExc) was calculated
according to following equation [43]:
ΔGExc ¼ N ∫
π
0
A12− A1X1 þ A2X2ð Þdπ: ð4Þ
All the results were analyzed at higher pressure region
(π=32.5 mN/m), which is of the strongest biological relevance. This
is due to the fact that the properties of monolayers at higher surface
pressures (π=30–35 mN/m) can be directly linked to the properties
of bilayers [36].
3. Results
To investigate the properties of DPPE/DPPG mixed ﬁlms a number
of experiments by using various techniques were performed. The
obtained results and their analysis are presented below.
The surface pressure (π) vs. area (A) isotherms of pure DPPE and
DPPG monolayers as well as their mixed ﬁlms are shown in Fig. 1A.
Analyzing the isotherms obtained for pure DPPE and DPPG mono-
layers it can be noticed that both curves have very steep course,
which indicates chain-ordered state of both phospholipids ﬁlms at
20 °C. Moreover, at higher surface pressures (π=38mN/m for DPPE
and π=37mN/m for DPPG ﬁlm, respectively) the change of the slope
of the curves can be observed. This indicates that during compression
the phase transition occurs. Two maximal values of the compression
modulus (Cs−1) separated by a shallow minimum in the Cs−1 vs. πFig. 1. The surface pressure–area isotherms (A) and compressional modulus (Cs−1)
values vs. the surface pressure plots (B) for the investigated monolayers.plots (Fig. 1B) (249 and 619 for DPPE and 253 and 632 for DPPG, respec-
tively) prove that the state of DPPE andDPPG ﬁlms changes from liquid-
condensed to solid-condensed [42] or rather from tilted condensed to
untitled condensed [44]. The shape of the recorded isotherms, collapse
surface pressures values as well as positions of the curves agree very
well with those presented by other authors [45–55]. As regards com-
pressibility of DPPG and DPPE monolayers, only one maximal value of
the compression modulus was reported by other Authors for the ﬁlms
investigated at similar experimental conditions (e.g. [56,57]). This
could suggest that both monolayers do not change their physical state
during compression. However, as it was proved by systematic GIXD
measurements both DPPE and DPPG ﬁlms undergo transition from
tilted condensed to untitled condensed state [54,55], which supportsFig. 3. The meanmolecular area (A), excess molecular area (B) and excess Gibbs energy
of mixing (C) vs. DPPG molar fraction plots for the investigated monolayers.
Fig. 4. BAM images taken for the investigated monolayers at different stages of compression.
1748 P. Wydro et al. / Biochimica et Biophysica Acta 1818 (2012) 1745–1754our calculations of Cs−1 and existence of two maxima in the compres-
sion modulus vs. the surface pressure plots.
Considering the isotherms for mixed DPPE/DPPG ﬁlms (Fig. 1A) it
can be noticed that with progressive increase of DPPG molar fractions
the curves shift into larger areas. Moreover, increasing content of DPPG
results in the variation of the surface pressure at which the monolayer
phase changes from tilted condensed to untitled condensed. Initially the
transition surface pressure dropswith the increase ofDPPGmolar fraction
in the monolayer up to XDPPG=0.5, however, it starts to increase with
further addition of DPPG (this is clearly visible in the Cs−1 vs π plots
(Fig. 1B)). Additionally, for XDPPG≥0.5 at lower surface pressures, in theisotherms the plateau region appears. The Cs−1 vs. π dependencies
(Fig. 1B) indicate that these plateaus correspond to liquid-expanded
(LE) (chain-disordered)/liquid-condensed (LC) (chain-ordered) phase
transition.
xMoreover, from the comparison of the compression modulus
values for the investigated ﬁlms determined at π=32.5 mN/m (Fig. 2),
one can ﬁnd that the mixed monolayers are more chain-ordered than
the ﬁlms of the respective pure components and the ordering is the
strongest at XDPPG=0.5.
To analyze the miscibility of the monolayer components the aver-
age molecular area, determined from the isotherms at π=32.5 mN/m
1749P. Wydro et al. / Biochimica et Biophysica Acta 1818 (2012) 1745–1754was plotted as a function of the monolayer composition (A12–XDPPG)
(Fig. 3A). The dashed line in Fig. 3A corresponds to ideal mixing of
the ﬁlm components.
As it can be observed in Fig. 3A the average molecular areas show
negative deviations from additivity rule. This proves nonideal behav-
ior of the ﬁlm that is miscibility of the monolayer components con-
nected with condensation of the molecular areas. The magnitude of
condensation of the mixed ﬁlms was veriﬁed based on the excess
area per molecule values which are presented in a function of DPPG
molar fraction in Fig. 3B. For all the mixtures calculated AExc values
are negative and the minimum appears at equimolar composition of
the mixed monolayer. This indicates that the strongest condensation
and the strongest interactions between molecules exist when DPPE
and DPPG are mixed in 1:1 proportion.
Further information on the DPPE–DPPG interactions in the mixed
monolayers was drawn from the analysis of the excess free energy
of mixing values (Fig. 3C).
For all the investigated mixtures the values of ΔGExc are negative.
This fact provides key information on the behavior of lipids in the
mixed ﬁlm. First of all, the system behaves nonideally due to interac-
tions between molecules. Moreover, these interactions are more at-
tractive as compared to those in one component ﬁlms of DPPE and
DPPG and are more favored than in the ideal state. This causes that
the mixing of the monolayer components is, from thermodynamic
point of view, more favorable than the separation between individual
components. Furthermore, as indicated by the minimum of ΔGExc the
strongest interactions exist at XDPPG=0.5.
Similar investigations on the interactions in the monolayers were
performed also for the systems composed of PE and PG molecules
possessing cis unsaturated bonds in their acyl chains [58]. Also for
these ﬁlms the negative deviations and thus strong interactions be-
tween molecules were found.
To complete the analysis of the isotherms, the properties of the
monolayers formed by the investigated phospholipids and their mix-
tures of various compositions were studied with Brewster AngleFig. 5. The surface potential–area isotherms (A) and the surface potential values vs.
ﬁlm composition plots (B).Microscopy (BAM). BAM images recorded at different stages of the
ﬁlms' compression are presented in Fig. 4.
As it is seen, BAM images for pure DPPE and DPPG monolayers are
very similar. At the surface pressure π=0mN/m and large areas per
molecule, structures of the liquid-condensed (LC) phase (light islands
or patches) dispersed in the gaseous phase (dark regions) can be ob-
served. With the compression of the monolayer the condensed do-
mains grow. At higher surface pressures the gaseous regions vanish
and monolayer forms one continuous phase. However, it is worth
noting that the monolayers in the liquid-condensed state exhibit re-
gions of distinct reﬂectivities manifesting in various shades of gray.
Moreover, it was found that both ﬁlms show inversion of the contrast
in the reﬂected light intensity with rotation of the BAM analyzer (data
not shown), which proves its optical anisotropy induced by different
tilt-azimuthal orientations of the phospholipid molecules. Further
compression of phospholipid's ﬁlms causes that the images become
uniform and optical anisotropy is no longer visible.
BAM images recorded for DPPE/DPPG mixtures to some extent re-
semble those obtained for pure DPPG and DPPE ﬁlms. However, they
show some interesting features. Firstly, the increasing amount of
DPPG causes that, at larger areas, monolayers are more condensed
than those for pure phospholipids. Secondly, higher content of DPPG
(XDPPG≥0.5) causes that, at larger areas, besides gaseous (dark re-
gions) and LC (light structures) phases additionally LE phase, of inter-
mediate gray level, appears. Moreover, at higher surface pressures
(π=32.5 mN/m) additional tiny lighter circular domains of higher
condensation can be visible. These domains are the largest for mono-
layer of XDPPG=0.5.
At very high surface pressures (π=45 mN/m) small bright spots
occur. With further compression these structures become larger and
their number increases indicating that they are nuclei of collapsed
3D phase. It is worth noticing that the isotherms obtained for the in-
vestigatedmonolayers show increase of surface pressure up to ca. 53–
59 mN/m, whereas the collapse nuclei are visible in BAM images at
much lower surface pressures, which could indicate a mismatch be-
tween the results obtained with both techniques. However, it should
be noted that usually monolayers collapse at pressures well below the
“collapse pressure”, at which either a kink or a plateau appears in the
isotherm upon overcompression of the ﬁlm [59]. The surface pressure at
which the 2D ﬁlm undergoes a transition to a more stable 3D phase de-
pends on the equilibrium spreading pressure (i.e. the pressure at which
the monolayer is in equilibrium with the bulk phase) and when the
surface pressure exceeds the equilibrium spreading pressure (ESP) the
monolayer becomes metastable and critical nuclei of the 3D phase may
be formed [59–62]. For both of the investigated lipids the equilibrium
spreading pressure is equal to ca. 45 mN/m [63,64] therefore theirmono-
layers are still homogenous at π=45mN/m. In the case of DPPE/DPPG
systems monolayers are more condensed, which probably causes a de-
crease of ESP. Therefore π=45mN/m exceeds their ESP causing the
formation of 3D collapse nuclei, which are visible in BAM images.
In order to get deeper insight into behavior of DPPE/DPPG mixed
ﬁlms we also measured the surface potential (ΔV)–area (A) isotherms,
which are shown in Fig. 5A.
Comparing the ΔV–A curves for monolayers of pure phospholipids
it can be noticed that the values of ΔV for DPPG ﬁlm are much lower
than those for DPPE monolayer. This results from the fact that, in con-
trast to DPPE, DPPG monolayer is negatively charged. This causes that
at the air/water interface an electrical double-layer is formed, and its
potential contributes to the overall surface potential according to fol-
lowing equation:
ΔV ¼ μ⊥
Aε0εr
þΨ0 ð5Þ
where εr is the “effective” dielectric constant within the layer and ε0 is
the permittivity of free space, μ⊥ is the normal component of the
Fig. 6. Background-subtracted GIXD diffraction data (points) and ﬁt (solid lines) for DPPE monolayers compressed to 32.5 mN/m. (A,B) Bragg peak proﬁles I(Qxy) integrated over
the Qxy regions indicated on the graph. The Bragg peaks were ﬁtted using Lorentzian function. (C, D) Corresponding Bragg rod proﬁles I(Qz). The Bragg rods were integrated over the
Qxy regions indicated on the graph. The distribution of the scattered intensity along the Bragg rods was ﬁtted using Gaussian function.
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and Ψ0 is the double-layer contribution.
Analyzing all the ΔV–A isotherms (Fig. 5A) it can be noticed that
they start to rise at much larger areas than the π–A curves. This is
due to much higher sensitivity of the surface potential to monolayer
compression and possible phase transitions. The changes of the surfaceFig. 7. Background-subtracted GIXD diffraction data (points) and ﬁt (solid lines) for DPPG m
the Qxy regions indicated on the graph. The Bragg peaks were ﬁtted using Lorentzian function
Qxy regions indicated on the graph. The distribution of the scattered intensity along the Brapotential withmonolayers compression aremore understandable if one
compares themwith BAM images (please see Fig. 4 and S1 supplemen-
tary materials).
Initially, at very large areas per molecule (ca. 90–110 Å2/molecule),
where all monolayers are in gaseous state the surface potential is almost
constant. However, in the regionwhere small condensed domains appearonolayers compressed to 32.5 mN/m. (A,B) Bragg peak proﬁles I(Qxy) integrated over
. (C, D) Corresponding Bragg rod proﬁles I(Qz). The Bragg rods were integrated over the
gg rods was ﬁtted using Gaussian function.
Fig. 8. Bragg peak I(Qxy) proﬁle(s) for DPPE/DPPG monolayers of various compositions
compressed to the surface pressure of 32.5 mN/m.
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gether (at area ca. 70–80 Å2/molecule for monolayers of XDPPG≤0.3) or
additional LE phase appears (at area ca. 80–87 Å2/molecule for mono-
layers ofXDPPG≥0.5) the values ofΔV increase very quickly. Then, the dis-
continuity region exists at the ΔV–A. The BAM images indicate that this
plateau corresponds to the coexistence of G and LC phase for the mono-
layers of XDPPG≤0.3 or LE and LC phase for monolayers of XDPPG≥0.5.
At lower areas G or LE phase gradually vanishes causing further increase
of surface potential up to the areas at which liquid-condensed to solid-
condensed phase transition is observed in the respective π–A isotherm.
The compression of the solid-condensed phase does not result in the in-
crease of ΔV, which is constant up to the collapse point.
The variations in the surface potential with the monolayer compo-
sition at biologically relevant surface pressure were analyzed based
on the ΔV–XDPPG plot (Fig. 5B). As is seen the increasing molar frac-
tion of DPPG up to 0.5 results in a sharp decrease in surface potential,
whereafter the ΔV values drop much slower. Interestingly, the inﬂec-
tion point occurs at the monolayer compositions, at which the stron-
gest deviations from ideality were found (XDPPG=0.5).
To study in-plane organization of the investigated DPPE/DPPG
monolayers GIXD method was applied. GIXD data collected for pure
ﬁlms of the investigated phospholipids, at the surface pressure
π=32.5 mN/m, are presented in Figs. 6 and 7.
In the case of pure DPPE and DPPG monolayers, diffracted intensi-
ty as a function of the in-plane scattering vector component Qxy inte-
grated over all Qz values, shows one Bragg peak. However, the
analysis of the in-plane diffraction scans for different Qz intervals as
well as Bragg rods clearly indicates that for both ﬁlms more low
order diffraction peaks can be distinguished. Fig. 6A,B shows the dif-
fracted intensity as a function of the in-plane scattering vector com-
ponent Qxy (Bragg diffraction peaks) for different values of out-of-
plane scattering vector component Qz, whereas Fig. 6C,D depicts the
diffracted intensity (Bragg rods) along the direction normal to the in-
terface, integrated over small Qxy intervals for DPPE monolayer. As
can be seen two different Bragg rods and therefore two Bragg peaks
can be distinguished. This corresponds to a rectangular structure of
the in-plane lattice of tilted alkyl chains. On the other hand, for
pure DPPG monolayer three Bragg diffraction peaks (Fig. 6A–C) and
Bragg rods (Fig. 6D–F) indicate an oblique lattice with tilted hydro-
phobic chains. The obtained results are in agreement with those
reported by other authors [56,55]. The parameters obtained from
the ﬁtting the X-ray intensity distribution along Bragg peaks and
Bragg rods for DPPE and DPPG ﬁlms are compiled in Table 1.
In contrast to pure DPPE and DPPG ﬁlms for all themixtures investi-
gated, only one Bragg peak (Fig. 8) as well as one Bragg rod (data not
shown) with the maximum at Qz≈0 were found. This suggests that, at
the investigated surface pressure, in the mixed monolayers molecules
pack in 2D hexagonal latticewith the acyl chains oriented perpendicular-
ly to the air/water interface. This indicates that themixedmonolayers are
muchmore ordered than those formedby respective pure components atTable 1
In-plane structural parameters obtained from GIXD experiments for DPPE, DPPG and their m
ing planes, a and b—the lengths of the unit cell vectors, γ—the angle between the vectors
scattering molecular moiety, Auc—area of the 2D unit cell, A—mean molecular area.
Qxy
(Å−1)
Qz
(Å−1)
d⁎
(Å)
a, b⁎
(Å)
DPPE 1.503
1.479
0
0.15
d{0,2}=4.180
d{1,1}=4.248
4.935
8.360
XDPPG=0.1 1.506 0 4.172 4.817
XDPPG=0.3 1.506 0 4.172 4.817
XDPPG=0.5 1.506 0 4.172 4.817
XDPPG=0.7 1.506 0 4.172 4.817
XDPPG=0.9 1.506 0 4.172 4.817
DPPG 1.504
1.493
1.482
0.08
0.17
0.25
d{1,−1}=4.178
d{0,1}=4.208
d{1,0}=4.240
4.811
4.848the same surface pressure. The values of structural parameters obtained
from Bragg proﬁles are listed in Table 1.
Higher ordering of the mixed ﬁlms as compared to one component
monolayers is also conﬁrmed by Lxy values, which show that extend
of in-plane order is larger than in pure monolayers of the respective
components. Moreover, the position of Bragg peaks for the mixed
ﬁlms does not vary with monolayer composition, which may suggest
that DPPE and DPPG form associates of ﬁxed stoichiometry (DPPE:
DPPG=1:1). This could explain the highest intensity of Bragg peak
for mixture of XDPPG=0.5 and its largest value of the in-plane coher-
ence length.
4. Discussion
It is known that the properties of Langmuir monolayers at the sur-
face pressure between 30 and 35 mN/m can be analyzed in the con-
text of the properties of biological membrane [36]. The foregoing
causes that the analysis of lipids ﬁlms provides wide range of useful
information facilitating the understanding of the lateral lipid interac-
tions, domains formation and molecular organization of highly com-
plex biomembrane systems.
Since Langmuir monolayers reﬂect only half of a bilayer (that can
be considered as two weakly coupled monolayers) the in-plane lipid–
lipid interactions can be isolated from the inﬂuence of changing
trans-bilayer compositional distributions that may occur in bilayer
systems. Moreover, Langmuir monolayer technique enables to simu-
late the mean molecular areas that occur in biological membranes
without the mesomorphic changes that often appear with the varia-
tion of the lipid composition in bulk hydrated dispersions (e.g. vesi-
cles) [65].
In this study we report the investigations on biophysical behavior
of the mixed Langmuir ﬁlms consisting of 1,2-dipalmitoyl-sn-glycero-
3-phosphoethanolamine (DPPE) and 1,2-dipalmitoyl-sn-glycero-3-ixed monolayers at the surface pressure π=32.5 mN/m: d—distance between scatter-
a and b, τ—, tilt angle, Lxy—in-plane coherence length, Lz—the length of the coherently
γ
(°)
τ
(°)
Lxy
(Å)
Lz
(Å)
Auc
(Å2)
A
(Å2)
90 6.7 L{0,2}=233
L{1,1}=102
19.5 41.2 41.2
120 0 256 20.2 20.1 40.2
120 0 283 20.3 20.1 40.2
120 0 315 20.4 20.1 40.2
120 0 306 20.4 20.1 40.2
120 0 264 20.3 20.1 40.2
119 10.8 L{1,−1}=246
L{0,1}=110
L{1,0}=89
19.2 20.4 40.8
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major phospholipid classes of cytoplasmic bacterial membranes.
As it was found both of the investigated lipids, under experimental
conditions applied, form highly condensed monolayers. This results
from the ability of both phospholipids to form intermolecular hydro-
gen bonds between the glycerol hydroxyl and the phosphate group of
neighboring DPPG molecules and between ammonium and phos-
phate group of DPPE molecules. In consequence, DPPE and DPPG
monolayers are characterized by a dense molecular packing and
high ordering.
BAM images and GIXD data collected at π=32.5 mN/m show that
in both pure ﬁlms the molecules are tilted with respect to the surface
normal, however, the tilt angle is larger for DPPG than for DPPE mol-
ecules. Also Lz value obtained for DPPG is somewhat smaller than that
for DPPE monolayer. Taking into account that this parameter is con-
nected with the length of ordered acyl chains and that both phospho-
lipids possess hydrophobic chains of the same length it can be
suggested that the acyl chains of DPPG are more tilted than those
for DPPE. This probably results from the fact that glycerol group of
DPPG is larger than ethanolamine group of DPPE. Moreover, under
experimental conditions applied, the molecules of PE are zwitterions
whereas PG molecules are partially dissociated and thus negatively
charged. All of this causes that DPPE forms monolayer in which mol-
ecules are slightly more densely packed and more ordered than in
DPPG ﬁlm.
Although both the investigated compounds form quite similar
monolayers their mixtures show several interesting features. First of
all, DPPE/DPPG mixed ﬁlms show negative deviations from ideality,
which reﬂects in smaller molecular areas (Fig. 3A) and lower values
of the surface potential (Fig. 5B) than those resulting from ideal mix-
ing. Moreover, the negative values of AExc indicate the area condensa-
tion arising from the mixing and being the strongest at equimolar
proportion of lipids in the monolayer. Also the values of the excess
Gibbs energy of mixing were found to be negative (Fig. 3C), which
proves that the interactions between molecules in the mixed DPPE/
DPPG monolayers are more attractive than those existing in pure
ﬁlms of the respective components. The favorable interactions be-
tween ﬁlm components seem to be understandable if one takes into
account that DPPG is negatively charged and ammonium group of
PE is a stronger donor of hydrogen bond than hydroxyl groups of
PG. In the mixed ﬁlms DPPG ions are separated by electroneutral mol-
ecules of DPPE, which results in a decrease of electrostatic repulsions.
Moreover, the positively charged ammonium groups of DPPE mole-
cules are more strongly attracted by neighboring PG ions than by
zwitterionic molecules of PE. This causes an easier formation of hy-
drogen bonds in the mixed monolayers than in one component
ﬁlms of DPPG and DPPE. Also in molecular dynamics simulations per-
formed for POPE/POPG bilayer [66] it was found that the hydrogen
bonds formed in the mixed bilayer involve mainly ammonium
group of PE and phosphate group of PG.
It is also worth mentioning that the strongest intermolecular at-
tractions, manifesting as a minimum in AExc and ΔGExc vs. composition
plots (Fig. 3B and C), were found for equimolar composition of the
mixed ﬁlm. The surface pressure-independent position of this mini-
mum (data not shown) may indicate the formation of associates of
ﬁxed (DPPE:DPPG 1:1) stoichiometry. This hypothesis was also sup-
ported by the GIXD data which show that for the mixed ﬁlms the po-
sition of the maximum of the Bragg peak did not change with the
monolayer composition. In consequence, also the mean molecular
areas calculated for all the mixtures are the same (Table 1). Interest-
ingly, these areas are smaller than those for the respective one-
component ﬁlms, which additionally evidences stronger condensa-
tion of the structures in the mixed ﬁlms. It was also found that the
mean molecular areas obtained from GIXD experiments are smaller
as compared to those resulting from π–A curves. However, this is
not surprising taking into account that GIXD technique is sensitiveonly for the ordered domains, while the area derived from isotherms
includes also the ﬂuid fraction of the ﬁlm. Moreover, GIXD measure-
ments revealed that the highest intensity of Bragg peak is observed
for equimolar ﬁlms and that at this composition the in-plane coher-
ence length is the largest. This is consistent with the BAM images,
which show that, at π=32.5 mN/m in the mixed monolayers the con-
densed domains are formed which are the largest at XDPPG=0.5.
The formation of associates of ﬁxed composition may result from
the strongest electrostatic stabilization of hydrogen bonds formed be-
tween ammonium and phosphate groups of PE and PG when the
lipids are mixed in 1:1 proportion.
In addition to the area condensation the ordering effect induced
by mixing of the lipids was found. The latter was analyzed with the
compression modulus (Cs−1) values. The compressionmodulus values
obtained at π=32.5 mN/m for the investigated system (Fig. 2) indi-
cated that the mixed ﬁlms are more ordered than the one-
component monolayers and that the most chain-ordered is the ﬁlm
of XDPPG=0.5. This agrees very well with the strongest attractions
that were also found for monolayer of equimolar composition.
These forces provoke reorientation of the hydrophilic groups of PE
and PG molecules to ensure shorter distance between ammonium
and phosphate groups causing the strongest area condensation and
hydrocarbon chains ordering. Moreover, GIXD data prove hexagonal
arrangement of the molecules in the ﬁlm with chains orientation per-
pendicular to the interface. This results in higher values of Lz for the
mixed structures as compared to those in the respective one-
component ﬁlms (Table 1). Thus, the scattering structures in the
mixed ﬁlms are more ordered than those in pure DPPE and DPPG
ﬁlms.
5. Conclusions
The obtained results evidence the existence of associates between
DPPE and DPPG in artiﬁcial membranes. Although the studied sys-
tems do not fully reﬂect the compositional complexity (e.g. diversity
in lipids chain saturation) and environmental conditions (e.g. pH) of
natural membrane the collected data allow one to suggest a possibil-
ity of the formation of speciﬁc highly ordered domains composed of
the foregoing phospholipids also in natural bacterial membranes.
The occurrence of lipids domains was widely evidenced in mammali-
an membranes [67 and references therein] where rafts enriched in
cholesterol and sphingolipids are present. However, also in bacterial
membranes a nonuniform distribution of lipids was found and the ex-
istence of domains enriched in either PE, PG or cardiolipin was proved
[21 and references therein]. Our results indicate that also the lipid
clusters containing DPPE and DPPG in equal proportion are formed
in the model systems. Thus, a possibility of the formation of this
kind of associates in natural membranes should be considered when
new antibacterial drugs are designed and studied.
Considering antimicrobial agents, it should be mentioned herein
that their activity is based on various mechanisms and one of them
is a disruption of membrane organization [21,68]. Disordering in the
membrane structure by antibacterial agents may occur by two gener-
al mechanisms: formation of pores or accumulation of peptides on
membrane surface leading to changes in membrane ﬂuidity and ﬁnal-
ly causing its damage (“carpet mechanism”) [21,68]. Moreover, it was
evidenced that some antimicrobial agents are able to promote the for-
mation of domains in the membrane by clustering a negatively
charged lipid. This may cause changes in membrane permeability,
but also it may disrupt domains naturally existing in the membrane
by removal of anionic lipids [21,11]. Interesting results have been re-
cently reported by Sarig et al. [69]. They evidenced that the investi-
gated peptide having antibacterial potency, easily changes the
properties of pure DPPG membrane, however, it does not affect
DPPG:DPPE 1:4 mixture. This proves that the behavior of peptides
in the membrane depends on their composition and the formation
1753P. Wydro et al. / Biochimica et Biophysica Acta 1818 (2012) 1745–1754of lipid–lipid associates, found also in our work, may stabilize mem-
brane and make them more resistant to antibacterial agents. Keeping
in mind that membranes are mixtures of lipids and taking into ac-
count the foregoing studies, it can be concluded that the investigations
on the effect of antimicrobial peptide on model membranes should be
performed on mixtures rather than on one-component systems.
Supplementary materials related to this article can be found online
at doi:10.1016/j.bbamem.2012.03.010.
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